The objectives of these studies were to predict the effects of roasting and extrusion temperatures of whole soybeans (SB) on intestinal protein digestibility in cattle. Intestinal digestibility was assessed with a two-stage in vitro or in situ ruminal incubation/precision-fed cecectomized rooster bioassay. In Exp. 1, whole SB (raw SB or SB roasted to 141, 149, or 157°C exit temperature from a commercial roaster and steeped for 30 min) were incubated in strained ruminal fluid and McDougall's buffer (50:50) at 39°C for 16 h. In Exp. 2, SB (ground raw SB or SB extruded at 116, 138, or 160°C ) were placed in polyester bags (20 × 30 cm) and suspended in the ventral rumen of steers for 16 h. Lyophilized residue of the in vitro or in situ incubations and samples of raw SB and most extensively heated SB (roasted SB at 157°C or extruded SB at 160°C ) for each respective experiment were crop-intubated to cecectomized roosters. Total excreta were collected for 48 h after intubation and lyophilized, and amino acid (AA) concentrations were determined. In Exp. 1, total AA digestibility was 61.6 and 84.5% for unincubated whole raw SB and 157°C roasted SB, respectively, and 66.2, 88.9, 91.3, and 91.6% for in vitro residues of whole raw SB and SB roasted at 141, 149, and 157°C, respectively. Trypsin inhibitor ( T I ) activity was 20.09, 1.69, 1.54, and 1.84 mg/g fat-free DM for unincubated whole raw SB and 141, 149, and 157°C roasted SB, respectively, and 30.84, 1.01, .90, and .26 mg/g fat-free DM for in vitro residues of whole raw SB, 141, 149, and 157°C roasted SB, respectively. In Exp. 2, total AA digestibility was 68.5 and 87.7% for unincubated ground raw SB and 160°C extruded SB, respectively, and 81.9, 91.3, 89.7, and 89.4% for in situ residues of ground raw SB and 116, 138, and 160°C extruded SB, respectively. Trypsin inhibitor activity was 17.61, 4.89, 4.08, and 1.56 mg/g fat-free DM for unincubated ground raw SB, 116, 138, and 160°C extruded SB, respectively, and 3.62, .59, .55, and .21 mg/g fat-free DM for incubated ground raw SB, 116, 138, and 160°C extruded SB, respectively. Heat treatment by roasting and extrusion improved AA digestibilities of SB, but there were no differences detected among the roasting or extrusion temperatures. Ruminal fermentation did not eliminate the negative effects of TI activity on intestinal digestibility of AA in whole SB but did reduce TI activity in ground SB.
Introduction
Roasting whole soybeans ( SB) increased milk production by as much as 4.5 kg/d, 3.5% fat-corrected milk production by 4.0 kg/d, and milk protein by .09 kg/d, with no reduction in milk fat production (Faldet and Satter, 1991) . This improved production has been attributed primarily to an increase in the escape of protein from ruminal degradation, thereby providing limiting and(or) co-limiting amino acids ( AA) for intestinal digestion and absorption. Aldrich et al. (1995) evaluated a range of roasting temperatures applied to whole SB and found that roasting increased the amount of soybean N that escaped ruminal degradation. The escape soybean N was more digestible in the small intestine of steers for roasted vs raw soybeans and seemed to increase with each increment of heating. Stern et al. (1985) reported a similar response for cows fed extruded whole SB; ruminal protein escape and small intestinal digestibility of escape protein increased due to heat treatment of SB.
Each study indicated that this may be due, in part, to denaturation of the heat-labile trypsin inhibitor ( TI) found in SB (Stern et al., 1985; Aldrich et al., 1995) . Because TI is a protein, it is thought to be degraded by ruminal microorganisms. Recent evidence indicates that TI was not effectively degraded in the rumen of sheep fed raw soy flour; TI was detectable in intestinal digesta within 30 min after feeding (Baintner et al., 1993) . The precision-fed cecectomozied rooster assay of Parsons (1985) has provided reasonable estimates of intestinal digestibility of AA in duodenal digesta from steers (Titgemeyer et al., 1990) . Using the precision-fed cecectomized rooster assay, Griffin et al. (1993) reported that heat-damaged whole SB had decreased intestinal digestibilities of essential and nonessential AA. The objectives of this work were 1 ) to further evaluate the reasons that intestinal digestibilities of raw SB in ruminants are less than those of heat-treated SB and 2 ) to study the effects of ruminal fermentation on TI activity of raw or whole SB.
Materials and Methods

Soybeans
Experiment 1. Whole SB were raw or roasted to an exit temperature of 141, 149, or 157°C from a commercial roaster (steeped for 30 min; Gem Roaster, Vita Plus Corp., Madison, WI). Soybeans were roasted in single batch runs for each treatment. Additional information regarding SB treatment and handling may be found in Aldrich et al. (1995) .
Experiment 2. Ground SB were raw or extruded at temperatures (final chamber of extruder) of 116, 138, and 160°C (Triple "F" Inc., Des Moines, IA). Raw SB were ground through a 4-mm screen to simulate the particle size of extruded treatments. All treatments originated from a single source of SB.
Ruminal Incubations
Experiment 1: In Vitro Incubation. Two ruminally cannulated Angus × Simmental steers (average weight 550 kg) were given ad libitum access to orchardgrass hay for 10 d in a temperature-controlled room (22°C ) under continuous lighting. The steers were cannulated for earlier experiments under local anesthetic by a clinical veterinarian at the University of Illinois College of Veterinary Medicine Large Animal Clinic. The experimental protocol and surgery were approved by the University of Illinois Laboratory Animal Care Advisory Committee. Ruminal fluid was collected and immediately filtered through four layers of cheesecloth. Filtered ruminal fluid was mixed 50:50 with McDougall's buffer, added ( 4 L ) to Erlenmeyer flasks ( 5 L ) containing raw or roasted whole SB (280 g), and incubated at 39°C for 16 h. Two Erlenmeyer flasks were incubated for each treatment. Flask contents were then filtered through two layers of cheesecloth, washed thoroughly with tap water, freeze-dried, and ground through a 1-mm screen.
Experiment 2: In Situ Incubation. Two ruminally cannulated steers (described previously) were fed orchardgrass hay offered ad libitum for 10 d before insertion of in situ bags into the rumen. Raw ground SB or SB extruded at 116, 138, or 160°C (75 g ) were weighed into each polyester bag. Eight polyester bags per treatment (four bags/steer for each treatment) were required to ensure adequate residues from the in situ procedure for use in the precision-fed rooster assay. Bags were made of polyester with dimensions of 20 × 30 cm, a size proportionately similar to smaller in situ bags used for standard testing. Bags were soaked in tap water before insertion into the ventral sac of the rumen. After 16 h of ruminal digestion, bags were removed, washed thoroughly until wash water was clear, drip-dried, and placed in a freezer. Frozen bags, with SB residues, were freeze-dried. Freeze-dried SB residues were harvested from the in situ bags and ground through a 1-mm screen.
Precision-Fed Rooster Assay
Procedures for cecectomy of roosters were approved by the University of Illinois Laboratory Animal Care Advisory Committee. The cecectomized rooster digestibility assay used in this study was described by Parsons (1985) . In Exp. 1, four in vitro incubated treatments (whole raw SB and 141, 149, and 157°C roasted SB) and two unincubated treatments (whole raw SB and 157°C roasted SB; ground through a 1-mm screen) were crop-intubated (20 g ) to the roosters (five birds per treatment). In Exp. 2, four treatments that had been incubated in situ (ground raw SB and 116, 138, and 160°C extruded SB) and two unincubated treatments (ground raw SB and 160°C extruded SB) were crop-intubated (20 g ) to the roosters (five birds per treatment). The same set of roosters was used in each experiment with a lapse of approximately 6 mo between experiments. In each experiment, feed was withheld from the roosters for 24 h before the intubation of SB treatments and for 48 h after intubation of SB treatments. Roosters were housed in individual wire mesh cages fitted with excreta collection trays. Total excreta were collected for 48 h, freeze-dried, and ground with mortar and pestle. Endogenous AA excretion was estimated by 48-h collection of excreta from feed-deprived birds; these values were subtracted from the AA in excreta of treatment birds to correct for endogenous AA losses.
Chemical Analyses
Total freeze-dried excreta were weighed and analyzed for DM (105°C ) and AA concentrations. Amino acid concentrations of SB treatments and rooster excreta were separated with a Beckman 119 CL Amino Acid Analyzer (Beckman Instruments, Palo Alto, CA) following acid hydrolysis (150 mg of sample in 15 mL of 6 N HCl at 110°C for 22 h). Trypsin inhibitor activity was quantified by the method of Hammerstrand et al. (1981) for all SB treatments before and after in vitro or in situ ruminal incubation.
Statistical Analysis
Data for AA digestibilities for each treatment were subjected to ANOVA for a completely randomized design using the GLM procedure of SAS (1988) . If the F-test for treatment effects was significant ( P < .05), treatment means were separated with multiple pairwise t-test comparisons according to Fisher's LSD (Carmer and Swanson, 1973) .
Results and Discussion
In Exp. 1, DM disappearances after 16-h in vitro ruminal fluid incubation (data not shown) were 17.4, 24.6, 22.6, and 26.8%, respectively, for whole raw SB or SB roasted at 141, 149, and 157°C. Within the unincubated SB, true digestibilities of individual nonessential AA ( NEAA) , total NEAA, individual essential AA ( EAA) , total EAA, and total AA were greater ( P < .05) for SB roasted to 157°C than for raw SB (Table 1) . Likewise, within the incubated SB treatments, roasted SB had greater ( P < .05) individual NEAA, total NEAA, individual EAA, total EAA, and total AA digestibilities than raw SB. There were no differences in the digestibilities of NEAA, EAA, or total AA among whole SB roasted at different temperatures. No improvements in the digestibilities of NEAA, EAA, or total AA in whole raw SB due to in vitro incubation in ruminal fluid were detectable. The improved digestibilities of AA in the roasted SB were due to effects of heat exposure. This agrees with our earlier report for small intestinal digestibilities of ruminal escape protein in raw vs roasted SB; roasting improved digestibilities in steers (17 vs average 70% of SB CP entering the small intestine for raw vs roasted SB, respectively; Aldrich et al., 1995). However, these data do not corroborate our observation that intestinal digestibility of SB escape CP increases with each increment of heat (Aldrich et al., 1995) .
In Exp. 2, DM disappearances after 16 h of in situ ruminal incubation (data not shown) were more extensive than those for the whole SB used in Exp. 1 at 69.9, 54.9, 56.3, and 54.4% for ground raw SB and SB extruded at 116, 138, and 160°C, respectively. Within the unincubated SB, the SB extruded at 160°C had greater ( P < .05) digestibilities of all individual AA, total NEAA, total EAA, and total AA than raw ground SB (Table 2) . Within the incubated SB, ground raw SB total NEAA digestibilities were lower ( P < .05) than for the extruded SB (77.4 vs average 87.7%). Among the incubated SB EAA digestibilities, differences between raw and extruded SB were less clear-cut; considering lysine alone, as the most heatlabile AA, there was no difference between the ground raw SB and the SB extruded to any of the three temperatures. Digestibilities of total EAA in incubated ground raw SB were similar to those of SB extruded to 138 and 160°C and incubated but less ( P < .05) than digestibility of SB extruded to 116°C (87.3 vs 93.9%). Digestibilities of total AA in incubated ground raw SB were lower ( P < .05) than those of the extruded SB treatments (81.9 vs average 90.2%). Unincubated ground raw SB were less digestible than incubated ground raw SB for all individual AA and total AA. In Exp. 1 and 2, AA digestibilities were improved when SB were heat-treated. Improvements in small intestinal digestibility of CP and(or) AA have been reported for ruminants fed roasted (Tice et al., 1993) and extruded SB (Stern et al., 1985) . Chemical assays and rat growth models have indicated an improvement in the quantities of postruminally available lysine in roasted vs raw whole SB (Faldet et al., 1992) . A similar rooster model has demonstrated a slight improvement in the digestibilities of EAA and NEAA of in situ residues from extruded SB (120°C ) relative to raw SB (Griffin et al., 1993) . However, previous studies have not verified the cause and effect relationship between heat treatment and the improvement in availability of AA in the small intestine of ruminants. Trypsin inhibitor activities in whole SB fed to ruminants have seldom been reported, nor have direct relationships with intestinal digestion in the ruminant been established. For unincubated and incubated whole raw SB in Exp. 1, TI activities were substantially higher than in SB that were roasted (average 25.5 vs average 1.2 mg/g fat-free DM; Table 3 ). In vitro ruminal fluid incubation of SB did not decrease TI activity; whole raw SB incubated in ruminal fluid had a higher TI than unincubated whole raw SB (30.8 vs 20.1 mg/g fat-free DM). Trypsin inhibitor activity (Table 4 ) of unincubated ground raw SB in Exp. 2 was greater than the TI of extruded SB (17.6 vs average 3.5 mg/g fat-free DM). The AA digestibilities in the roosters correspond with the TI activities of the various SB treatments in the current experiments. Within the unincubated extruded SB, there seemed to be a decrease in TI activity in the SB extruded at the highest temperature. Unlike that observed for the whole raw SB in Exp. 1, the TI activity of in situ incubated ground raw SB in Exp. 2 was reduced in comparison to the unincubated ground raw SB. Extruded SB had lower TI after in situ incubation than did the incubated ground raw SB. These data suggest that the TI is bound within the SB and not subject to solubilization in ruminal fluid, but it is subject to ruminal degradation reflective of DM disappearance. The TI in raw SB resulted in reduced weight gain, feed consumption, and protein efficiency ratio and increased pancreatic weights in rats, and the effects were counteracted by heat treatment (Kakade et al., 1973) . Pigs and chickens responded in a fashion similar to rats to this heat-labile protein. Herkelman et al. (1992) reported that pigs fed raw SB with a TI of 20.9 mg/g had lower daily gains, gain:feed, and apparent ileal digestibilities of NEAA and EAA than pigs fed heated SB with a TI of 4.8 mg/g. AndersonHafermann et al. (1992) reported that TI activity decreased in SB as autoclaving time increased, and this corresponded to an improvement in growth and a reduction in pancreatic hypertrophy in chicks, as well as improved AA digestibilities in cecectomized cockerels. Faldet et al. (1992) reported that the TI activity of whole SB decreased from 44 mg/g in raw SB to 16.1 and 10.0 mg/g when roasted at 140°C for 30 min and 160°C for 30 min, respectively. They related this to an increase in in vitro and rat bioassay estimates of postruminally available lysine (Faldet et al., 1992) . Baintner et al. (1993) reported that sheep ruminally pulse-dosed with a slurry of defatted soybean flour at 10 g/kg BW had persistent ruminal fluid TI concentrations for more than 12 h, duodenal digesta TI concentrations evident by 30 min with peak concentrations in 4 h and detectable levels for more than 12 h, and detectable levels in ileal fluid by 6 h after administration. The presence of TI in the duodenum at 5 to 6 h was followed by a large spike in trypsin concentration at 10 to 12 h after administration (Baintner et al., 1993) , suggesting that ruminants are susceptible to the effects of TI reported for nonruminants and that TI in dietary ingredients can reach the small intestine. The AA digestibilities in the precision-fed rooster assay in the current work correspond with the TI activities detected in Exp. 1 and 2 and point to the viability of the precision-fed rooster as an appropriate model for intestinal digestibility in the ruminant. These observations also clarify that heat treatment of SB leads to improved digestibilities of ruminally undegraded AA in roosters (current experiment) and steers (Aldrich et al., 1995) . Thus, heat processing of SB improves the nutritive value of SB protein by increasing ruminal escape of SB protein and increasing intestinal digestibility of the escape protein.
Implications
Precision-fed roosters are valid models for the evaluation of small intestinal digestibility of protein in ruminants. With this method, we found that destruction of the trypsin inhibitor was probably responsible for increased small intestinal digestibilities of amino acids that have been observed in cattle fed roasted or extruded whole soybeans. We also inferred that the quantity of protein delivered to the small intestine is dependent on the degree of heat treatment, and maximal intestinal digestibility is dependent on adequate heat treatment to reduce trypsin inhibitor activity.
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